The product of the Drosophila gene Serrate acts as a short-range signal during wing development to induce the organising centre at the dorsal/ventral compartment boundary, from which growth and patterning of the wing is controlled. Regulatory elements reflecting the early Serrate expression in the dorsal compartment of the wing disc have recently been confined to a genomic fragment in the 5′-upstream region of the gene. Here we present data to suggest that this fragment responds to various positive and negative inputs required for the early Serrate expression. First, activation and maintenance of expression in the dorsal compartment of the wing discs of second and early third instar larvae depends on apterous, as revealed by reporter gene expression in discs either lacking or ectopically expressing apterous. Second, transcriptional downregulation during third larval instar is mediated by hiiragi. Finally, this regulatory element responds to Delta signalling in a nonautonomous way to maintain Serrate expression along the dorsal margin. The results clearly show that some of the previously described transactivators of Serrate protein expression, e.g. fringe, act on elements required for later aspects of Serrate expression.
Introduction
During the development of the Drosophila wing, inductive events take place at both the anterior/posterior (A/P) and the dorsal/ventral (D/V) compartment boundaries. These inductive interactions are thought to establish regions of specialised cells near both boundaries, which act as organising centres, from which growth and patterning of the disc is controlled (see for recent reviews Blair, 1995; Brook et al., 1996; Lawrence and Struhl, 1996; Irvine and Vogt, 1997; Neumann and Cohen, 1997b) . The D/V compartment boundary is set up during the second larval instar by the selector gene apterous (ap), which encodes a LIM/homeodomain protein, the expression of which is restricted to the dorsal compartment (Cohen et al., 1992; Diaz-Benjumea and Cohen, 1993; Blair et al., 1994) . Once the dorsal/ventral compartment boundary is established, a signalling process is initiated leading to the activation of the Notch receptor along the border between dorsal and ventral cells, which requires the genes fringe (fng), Serrate (Ser) and Delta (Dl) (reviewed by Irvine and Vogt, 1997) . Serrate provides a short-range signal from the dorsal side, which results in the activation of the Notch receptor in ventral cells adjacent to the D/V boundary de Celis et al., 1996; Doherty et al., 1996) . A reciprocal signal from the ventral side, which may be mediated by the transmembrane protein Delta (de Celis et al., 1996; Doherty et al., 1996) is required to activate Notch in dorsal cells adjacent to the D/ V boundary. Fringe, which is expressed by dorsal cells, has been suggested to restrict this feedback loop to cells at the D/V boundary (Fleming et al., 1997; Panin et al., 1997: reviewed by Blair, 1997) . Notch activation results in the expression of margin specific genes, such as vestigial (vg), cut (ct) and wingless (wg) on both sides of the D/V boundary (Kim et al., 1995 (Kim et al., , 1996 Couso et al., 1995; Diaz-Ben-jumea and Cohen, 1995; Doherty et al., 1996; de Celis et al., 1996; de Celis and Bray, 1997) . Vestigial protein is required for the growth of the wing (Kim et al., 1996) , while wg has been suggested to provide a morphogen gradient required to activate genes on the dorsal and ventral side in a dose-dependent manner (Neumann and Cohen, 1997a) . Furthermore, it has been proposed that the activated state of the Notch receptor in cells on both sides of the D/V boundary is maintained by a Notch-dependent feed-back loop, mediated by its ligands Delta and Serrate Kim et al., 1995; Rulifson and Blair, 1995; de Celis et al., 1996; Doherty et al., 1996) .
Serrate, which encodes a transmembrane protein with several EGF (epidermal growth factor)-like repeats (Fleming et al., 1990; Thomas et al., 1991) has been suggested to have at least two functions during wing development. During late second/early third instar, Serrate provides the shortrange signal from dorsal to ventral to activate the Notch receptor in ventral cells. Later in the third instar, Serrate is required to restrict the expression of ct and wg to cells of the margin (Micchelli et al., 1997) . Accordingly, ectopic expression of Serrate early induces ectopic growth and margin formation (Speicher et al., 1994; Kim et al., 1995; Doherty et al., 1996; Jönsson and Knust, 1996) , while its ectopic expression later elicits a dominant negative function, which is likely to occur by the inhibition of the Notch receptor and results in the repression of margin-specific genes (Thomas et al., 1995; Jönsson and Knust, 1996; Klein et al., 1997; Micchelli et al., 1997) . The two functions of Serrate are reflected by its dynamic expression pattern. During late second/early third instar, Serrate expression in the wing imaginal disc is restricted to the dorsal compartment and thus is identical to that of the selector gene ap (Couso et al., 1995) . During third larval instar, Serrate expression resolves into a complex pattern that includes two stripes of expression dorsal and ventral to the wing margin and expression domains on the ventral and dorsal wing blades, e.g. the prospective wing veins three to five (Thomas et al., 1991 (Thomas et al., , 1995 .
To understand the regulatory network required to control the expression of Ser during the time when the organising centre at the dorsal/ventral boundary is established, we have analysed the expression of a lacZ reporter-line isolated recently, which reflects the early expression of Ser at late second/early third larval instar (Bachmann and Knust, 1998 ). Here we demonstrate that reporter gene activation induced by this genomic fragment is under the control of ap, and that neither fng nor Dl are necessary to initiate its expression. In contrast, Dl seems to be required for the maintenance of its expression in dorsal cells adjacent to the margin. Finally, the data reveal that hiiragi, which has been shown to genetically interact with Ser D (Murata et al., 1996) , acts to repress Ser transcription dorsally and to prevent its activation ventrally in discs of third instar larvae.
Results
We have recently isolated regulatory elements, which reflect the control of the temporally and spatially complex expression pattern of Ser. This analysis allowed the identification of a genomic fragment located in the 5′-upstream region that directs the expression of the reporter gene in the wing disc in a pattern that is identical to that of the early expression of the Serrate protein ( Fig. 1 ; Bachmann and Knust, 1998) . In the following, we will refer to this fragment as the 'dorsal wing regulator' or 'DWR'. From second to early/mid-third larval instar it induces b-galactosidase expression exclusively in the dorsal compartment (Fig.  1B-D) . The dorsal boundary of the expression domain coincides with the dorsal/ventral compartment boundary (Bachmann and Knust, 1998) . During late third larval instar, the expression is downregulated in the anlage of the dorsal wing blade, while it continues in the dorsal notum (Fig. 1E) . Strikingly, a small stripe of expression persists along the D/V compartment boundary and only disappears at late third larval instar (Fig. 1E, arrowhead) . A subfragment of 4.0 kb contains all regulatory elements responsible for the expression in the dorsal notum. However, enhancers specific for the anlage of the dorsal wing blade could not be confined to smaller fragments (Bachmann and Knust, 1998) . Therefore, we used the complete DWR to analyse the various aspects of early Serrate regulation.
Induction of the dorsal wing regulator depends on apterous
To address the question whether the expression of the DWR depends on ap, we analysed the expression of the reporter gene in discs lacking ap or those in which ap was ectopically expressed.
Removal of ap function leads to a nearly complete loss of expression in the anlage of the dorsal wing blade ( Fig. 2A) . Strikingly, expression domains in lateral positions of the dorsal notum are unaffected in ap discs, which is in agreement with the occurrence of Serrate protein in ap discs (Couso et al., 1995) . This suggests that ap-dependent and ap-independent cis-regulatory elements required for the early dorsal expression are contained within the genomic fragment analysed.
To further demonstrate the requirement of ap for the activation of the DWR in the anlage of the dorsal wing blade, we introduced a UAS-ap transgene into flies and ectopically expressed it by means of GAL-4 (Brand and Perrimon, 1993) . In most experiments described below, we used the patched (ptc)-GAL4 activator line Speicher et al., 1994) , which induces expression in a stripe anterior to the anterior/posterior compartment boundary (see Fig. 4A ). ptc-GAL4 induced expression of ap creates a region of dorsal identity in the originally ventral compartment, and thus two separate D/V boundaries, which are continuous with the original anterior and posterior D/V boundary, respectively. Consequently, two separate organising centres are created in these wing discs, from which the formation of two pouch-like structures is induced (Fig.  2B-D) . The posterior pouch is always larger than the anterior one, which can be attributed to the fact that the expression domain mediated by ptc-GAL4 is exclusively located in the anterior compartment. Ectopic expression of UAS-ap with GAL4 459.2 , an activator line that expresses GAL4 symmetrically on both sides of the A/P boundary (see Fig. 4G ; Thomas et al., 1995) , leads to the development of two incomplete pouches of about the same size, which are fused in the proximal region (data not shown).
To understand the expression pattern of the DWR in these highly disorganised wing discs, we analysed the expression of various markers, including the DWR-lacZ, at different developmental stages (Figs. 2 and 3) . The separation into two pouches of different sizes is already visible at second instar ( Fig. 2B ) and becomes more pronounced as development proceeds (Fig. 2C,D) . Both pouches are clearly separated into a dorsal and a ventral compartment, as monitored by the expression of the DWR (Fig. 2D ) and the fng-lacZ reporter line 35UZ-1 (Fig. 3C,D) . The expression of wing margin specific genes, such as vg-lacZ (Fig. 3E,F) , wg-lacZ (Fig. 3G,H) or ct-lacZ (Fig. 3I,J) indicates that ectopic wing margins are formed. The pouches differ, however, with respect to their organisation into anterior and posterior compartments, which was followed by the expression of Invected, a marker for the posterior compartment, and the simultaneous activation of UAS-CD2 by ptc-GAL4 to demarcate the anterior/posterior boundary ( Fig. 2E,F) . The smaller pouch-like structure has exclusively anterior identity, since it does not express Invected (Fig. 2F ), but the lacZ line A101, which marks the developing sensory organs at the anterior wing margin (Huang et al., 1991; Fig. 3K,L) . The second, larger pouch-like structure is separated into an anterior and a posterior, Invected expressing compartment. The latter is subdivided into a dorsal region, which expresses ap-lacZ and fng-lacZ (Fig. 3B,D) , and a ventral region, which does not. The anterior part of this pouch-like structure, which does not express Invected, is of dorsal identity only as revealed by the expression of the DWR and the fng-lacZ reporter gene (Figs. 2D and 3D) . Ectopic expression of ap in the ventral compartment does not lead to ectopic induction of endogenous ap, since expression of the ap-lacZ reporter line is still restricted to the original dorsal compartment, indicating that no auto-regulation occurs (Fig. 3A,B) . The organisation of the discs ectopically expressing ap is schematically depicted in Fig. 3M ,N.
Wings developing from discs with ectopic ap expression exhibit phenotypes of varying severity, depending on the Thomas et al., 1991) . It covers 9.5 kb of genomic DNA about 7.5 kb upstream of the translational start site (scale bar in kb). (B-E) X-Gal stainings to reveal changes in the expression pattern of the DWR between late second (B) and late third (E) larval instar. (B) At second larval instar, the expression seen with the DWR is already restricted to the dorsal compartment (the inset shows the late second instar wing imaginal disc at a magnification identical to the older wing imaginal discs in C-E). (C,D) Dorsal expression is maintained during third larval instar. (E) At late third larval instar X-Gal activity retracts from the dorsal wing blade, but temporally persists in a narrow stripe on the dorsal side of the prospective wing margin (arrowhead). In all following pictures and figures, dorsal is up and anterior is to the left, if not indicated otherwise.
effector line used and the temperature at which the larvae are raised ( Fig. 2H,I ; compare also with discs in Fig. 3 ). In flies with the most severe phenotypes, the wing on each side is composed of two separated halves. One half only consists of the anterior portion of the wing, including the anterior margin characterised by a triple row of bristles. Most of the other half represents the posterior portion of the wing, as deduced from the presence of non-innervated hairs at the posterior margin (Fig. 2H,I ). This row is followed by a double row of bristles typical for the distal portion of the anterior margin. Comparison with the fate map schematically depicted in Fig. 3N reveals that this margin develops, where a posterior ventral (yellow) and an anterior dorsal (green) compartment are juxtaposed, i.e. where the A/P and the D/V border are colocalised. Weaker phenotypes only show a bisection of the most distal part of the wings, while the proximal regions develop normally (Fig. 2H) . Besides the phenotype in the wing, ptc-GAL4/UAS-ap flies also develop phenotypes in the halteres, comparable to that of the wings, in the legs and, when ubiquitously overexpressed, also in the embryo (data not shown; see also Bourgouin et al., 1992) .
Taken together, the results demonstrate that activation of the DWR in the dorsal compartment of the wing depends on ap, and that the spatial and temporal regulation is maintained in ectopic dorsal areas.
The dorsal wing regulator responds to the Delta mediated feed-back loop at the D/V boundary
The activated state of the Notch receptor in cells on both sides of the D/V boundary has been suggested to be maintained by a Notch-dependent feed-back loop, mediated by its ligands Delta and Serrate. In order to address the question, whether the DWR responds to this feed-back loop, we monitored its expression in discs ectopically expressing UAS-fng, UAS-Ser or UAS-Dl. UAS-fng leads to mild ectopic outgrowth of the ventral wing pouch and induces Serrate protein expression in Fringe-expressing cells (Panin et al., 1997) . Strikingly, the DWR is not activated by ectopic fng expression in the ventral compartment (Fig.  4B) , suggesting that the observed induction of Serrate protein by ectopic Fringe is mediated by a different enhancer, which is active at later stages during wing development. ptc-GAL4; UAS-Ser and ptc-GAL4; UAS-Dl induce ectopic outgrowth of the discs either on the ventral or the ventral and dorsal side, respectively (Speicher et al., 1994; Doherty et al., 1996; Jönsson and Knust, 1996) . Neither of them ectopically activates the DWR (Fig.  4C,D) . However, in wing discs of ptc-GAL4/UAS-Dl larvae a stripe of cells in the dorsal wing pouch shows persistent activation of the DWR in a region that has normally ceased to express lacZ at this stage. This stripe lies adjacent to the ptc-GAL4 stripe as revealed by double-labelling experiments (Fig. 4D) , suggesting that in wild-type development Delta plays a crucial role in the maintenance of Serrate expression in dorsal cells adjacent to the wing margin. This assumption is further supported by the observation that the lack of Suppressor of Hairless (Su(H)), which is required for the intracellular transmission of the Notch signal (reviewed in Artavanis-Tsakonas et al., 1995; Lecourtois and Schweisguth, 1997) , results in a precocious repression of reporter gene expression along the margin (Fig. 5B) . Taken together, the results suggest that the DWR of Ser responds to the postulated feed-back loop mediated by the Notch signalling cascade to maintain expression in cells adjacent to the dorsal wing margin.
Elements for downregulation are maintained in the dorsal wing regulator
Expression of lacZ in the dorsal wing blade controlled by the DWR is turned off in third instar larvae, which raises the question as to the gene(s) mediating this repression, since ap is persistently expressed in the dorsal compartment. One possibility is that morphogenetic signals emanating from the A/P and/or D/V boundaries might play a role in silencing its expression. Alternatively, a factor present on the dorsal side could be activated as development proceeds and prevents the continuous activation by ap. To address this question, we analysed the expression of the DWR in mutants that affect the establishment and/or function of the D/V and A/P signalling centres. Organisation of and signalling from the D/V boundary depends on components of the Notch signalling pathway such as Ser and Dl, but also on other genes that are expressed in the wing margin like vg and wg. Lack of their function abolishes growth of the wing (Couso et al., 1994; Speicher et al., 1994; Jönsson and Knust, 1996; Neumann and Cohen, 1996) . However, in the absence of either of these genes no change in the expression of the DWR in the anlage of the dorsal wing was observed (Fig. 5A,C,D) . In addition, ptc-GAL4-mediated ectopic overexpression of several genes involved in the Notch signalling pathway did not lead to a premature repression of the DWR (Fig. 4) . The reduced expression in ptc-GAL4/UAS-Dsh or UAS-wg discs (activated by GAL4 459.2 ; Fig. 4F,H) can be attributed to a transformation of part of the notum to hinge region (Klein and Martinez-Arias, 1998; de Celis and Bray, 1997) , in which the DWR shows weaker expression. Similar to the D/V border, the A/P-border is the source of long-range signals necessary to regulate target gene expression in a dose-dependent manner, which is mediated by the product of decapentaplegic (dpp; Nellen et al., 1996; Zecca et al., 1995; Lecuit et al., 1996) . Ectopic expression of dpp induced outgrowth of the wing disc but did not influence the expression of the DWR (Fig. 4I) .
Mutants preventing the repression of the DWR are expected to induce a more or less severe notching, due to ectopic expression of Serrate during later stages of development. Two mutants were found to belong to this group. The first one is nubbin (nub), the lack of which leads to the loss of wing structures (Ng et al., 1995; Cifuentes and Gar-cia-Bellido, 1997) . In discs mutant for nub expression of the DWR along the D/V boundary is upregulated and persists longer than in wild-type discs (Fig. 5E ). This is in agreement with the observation that Serrate protein expression appears to be more pronounced along the dorsal wing margin in nub mutant discs (data not shown). The second mutant is hiiragi (hrg), which develops a notched wing phenotype when homozygous and enhances the notched wing phenotype of Ser D / + flies (Murata et al., 1996) . This phenotype led the authors to propose a close interaction between these two genes. Strikingly, in hrg P1 homozygous third instar larvae the expression domain of the DWR not only persisted on the dorsal wing pouch, but expanded into the ventral compartment from mid-third instar onwards (Fig. 5F ). Antibody The strength of the phenotype depends on the temperature and the effector line used. Whereas mild overexpression of apterous results in a large distal nick (H), the strongest phenotypes lead to an almost complete separation of the wing into two halves (I). In both cases the posterior part of the wing displays an ectopic margin that is of anterior identity (arrowheads in H and I, compare with model in Fig. 3M-N) . Fig. 4A . Overexpression of apterous using ptc-GAL4 leads to ectopic activation of wing margin-specific genes in the former ventral compartment (compare F,H,J with E,G,I). The different strength of the overexpression phenotypes (compare B with D) is due to the use of diverse effector strains. Note that when apterous is overexpressed in an ap-lacZ background with ptc-GAL4, a reproducible gap occurs in ap-lacZ expressing cells (A,B, arrowhead); this may be due to originally ventral cells that have adopted dorsal identity and thus are now able to cross the former D/V boundary. (M,N) To clarify the consequences of ectopic expression of apterous the compartmental organisation is shown schematically for wild-type (M) and ptc-Gal4 × UAS-ap (N) wing imaginal discs; the A/P compartment boundary is shown as a dotted, black line, the D/V compartment boundary as a grey line. Note that in N, A/P and D/V compartment boundary fall together, where the antero-dorsal and postero-ventral compartment meet. Compartments are as follows: antero-dorsal = green, postero-dorsal = red, antero-ventral = blue, postero-ventral = yellow. Whereas in wild-type discs all four compartments contribute to a complete wing pouch (M), the disc in N shows two pouch-like structures that consist of only two (to the left) or three (to the right) compartments, respectively. stainings showed diffuse Serrate protein expression on both the dorsal and ventral anlage of the wing blade as well as pronounced staining along the wing margin and in the anlagen of the prospective wing veins three to five (data not shown). As previously shown, ectopic expression of Serrate protein in the margin of third instar larvae prevents expression of margin specific genes and leads to the development of notches (Thomas et al., 1995) . Hence, hrg is a good candidate to be involved in the downregulation of the DWR of Ser. Fig. 4 . Behaviour of the dorsal wing regulator in discs ectopically expressing genes involved in wing development. The following activator lines have been used: (A-F) ptc-GAL4 and (G-I) GAL4 459.2 . To visualise the expression pattern of ptc-GAL4 (A) and GAL4 459.2 (G), both activator lines have been crossed to UAS-lacZ. Effector strains used are: UAS-fng (B), UAS-Ser (C), UAS-Dl; UAS-CD2 (D), UAS-vg (E), UAS-Dsh (F), UAS-wg (H) and UAS-dpp (I). Note that none of the overexpressed genes is able to activate the DWR ectopically. Only ectopic Dl expression (red; revealed by the simultaneous activation of UAS-CD2) results in the maintenance of b-galactosidase expression (green) in cells on the dorsal side adjacent to the Dl expressing cells; no colocalisation is detected (arrowhead). Note that after overexpression of wg (H) or its downstream target Dsh (F) the strong X-Gal staining of the DWR on the notum is reduced, which may be due to an extension of the hinge region into the former notum part of the wing imaginal disc.
Fig. 3. Expression of various reporter genes in wild-type third instar wing imaginal discs (A,C,E,G,I,K) and wing imaginal discs ectopically expressing apterous using ptc-GAL4 (B,D,F,H,J,L). Transgenic lines used are: ap-lacZ (A,B), fng-lacZ (C,D) vg-lacZ (E,F), wg-lacZ (G,H), ct-lacZ (I,J) and neu-lacZ (K,L). For expression pattern of ptc-GAL4 see

Discussion
The results presented here suggest that the genomic fragment in the 5′-upstream region of Ser, called DWR, responds to several regulatory inputs necessary for the control of the early expression pattern in the wing. First, early activation in the dorsal wing blade strictly depends on ap, whereas expression in the dorsal notum is partly independent of ap. Attempts to further restrict the sequences necessary for the ap-dependent activation on the wing blade by analysing the expression mediated by smaller subfragments of the DWR failed so far (Bachmann and Knust, 1998) . None of the three subfragments analysed showed a dorsally restricted pattern in the wing blade. This raises the possibility that several enhancers are scattered throughout the whole 9.5 kb fragment and act in concert to drive expression in an ap-dependent manner. Since ap encodes a LIM/homeodomain protein, it is likely to act as a transcription factor. However, the current data do not allow to decide whether the regulation by ap shown here is direct or indirect. Ectopic expression of ap elsewhere (e.g. in the embryo) does not induce ectopic expression of the DWR (data not shown). Similar observations have been described by Blair et al. (1994) , who showed that heat-shock-induced ubiquitous expression of ap during third larval instar induces ectopic expression of PS1 integrin, which is normally found exclusively in the dorsal compartment of the wing disc, only in some areas. This suggests that either a cofactor, restricted to certain regions of the wing disc, is needed in combination with ap to activate target genes, or that cells outside the wing disc are not competent to respond to ap. In the light of a possible cofactor, LIM domains in general have been shown to act as an interface for protein-protein interactions (for reviews see Curtiss and Heilig, 1998; Dawid et al., 1998) . In the case of ap, the LIM domain binds to Chip, a general chromatin binding factor (Morcillo et al., 1997) .
ptc-GAL4-mediated ectopic expression of ap on the ventral side induces two ectopic organising centres perpendicular to the normal D/V boundary. Considering the domain of ptc expression, it is obvious that one of the novel boundaries runs parallel to the A/P boundary in the anterior compartment, while the other one directly coincides with the A/ 
All discs are late third larval instar and, except for hrg P1 -mutants (F), show a reduction in the size of the wing pouch (A-E), which is in agreement with their adult loss-of-wing phenotype. In hrg P1 -mutant wing imaginal discs the wing pouch is of normal size (F) and corresponding adult wings only develop notches. Note that in a Su(H)-, nub-and hrg-mutant background the b-galactosidase expression pattern seen with the DWR is modulated. Whereas in Su(H)-mutant discs reduced X-Gal staining of the DWR along the D/V compartment boundary (marked by a dotted black line) can be observed (B), increased and ectopic X-Gal staining can be detected dorsally and in the ventral wing pouch in hrg P1 -mutants (arrowheads in F, compare with Fig. 1E ). In the case of nub-mutants (E), stronger staining and longer persistence of DWR expression along the D/V compartment boundary (arrowhead) is detectable. P boundary. Strikingly, the coincidence of an A/P and a D/V boundary does not interfere with the expression of genes specifically expressed at either of these boundaries, such as vg, wg and ct at the D/V (see Fig. 3 ), or ptc at the A/P boundary (as revealed by UAS-CD2 activated by ptc-GAL4; see Fig. 2E ). Furthermore, since bristles characteristic for the anterior margin develop at the boundary with 'mixed' identity (see Fig. 2H,I ), patterning controlled by signals from the D/V-boundary seems not to be greatly affected by the simultaneous expression of A/P-signals. Finally, it can be concluded that the opposition of ap expressing (dorsal) and ap non-expressing (ventral) cells is sufficient to induce an organising centre and a wing margin, even if the dorsal compartment has anterior and the ventral compartment has posterior identity (see Fig. 3N ).
The second regulatory input mediated by the DWR acts to maintain expression of the reporter gene along the dorsal border of the D/V compartment boundary. This occurs at a time, when the general expression in the anlage of the dorsal wing blade disappears. Results presented here suggest that this response is mediated by the Delta-induced signalling cascade, since UAS-Dl expressed along the A/P compartment boundary maintains lacZ expression in the dorsal wing blade in cells adjacent to the Delta-expressing cells (Fig.  4D) , and expression of the DWR along the dorsal margin is lost in the absence of Su(H) (Fig. 5B) . In early third instar discs, Delta protein is present at the D/V boundary showing an enrichment in ventral cells (Doherty et al., 1996; de Celis and Bray, 1997; Panin et al., 1997) . Delta expression in this domain has been suggested to participate in a positive feedback loop to maintain Serrate expression on the dorsal side (de Celis and Bray, 1997) . In contrast to results published previously (Kim et al., 1996; Panin et al., 1997) , we find that ptc-GAL4 directed expression of UAS-Dl induces outgrowth and expression of Serrate protein not only in dorsal, but also in ventral cells (Jönsson and Knust, 1996; A. Bachmann and E. Knust, unpublished) . This discrepancy can be explained by the fact that different UAS-Dl lines vary in their expression, depending on the insertion site of the transgene and the temperature at which the larvae are raised. Nevertheless, when using a UAS-Dl line that induces Serrate expression and outgrowth on both the dorsal and ventral wing, activation of the DWR is only obtained in dorsal cells. This observation suggests that regulation of Ser by Dl depends on at least two different types of enhancers. (i) One is localised in the DWR, which responds to the positive feed-back loop and which is required to maintain Ser expression in dorsal cells adjacent to the margin. The activation of this element occurs exclusively in cells adjacent to, but not within cells expressing Delta (Fig. 4D). (ii) Another, Dl-responsive element not identified so far, responds to the Delta signal in the ventral compartment.
None of the other genes known to provide signals from the A/P or D/V boundary necessary to organise and pattern the wing, such as dpp or wg, have any influence on the DWR. Neither maintenance of the reporter gene at the dorsal margin nor its repression on the dorsal wing blade are affected in the absence or upon overexpression of these signals. Although wg is involved in the maintenance of Serrate and Delta expression in cells flanking the margin in late third instar (Micchelli et al., 1997) , it is evident that this regulation is not mediated by the DWR.
The third aspect of regulation mediated by the DWR concerns the downregulation of the reporter gene in the dorsal wing blade during third larval instar. This regulation is necessary, since ap is continuously expressed in the dorsal compartment throughout larval development (Cohen et al., 1992) . hrg turns out to be one candidate gene for this function, since mutations in hrg prevent the repression on the dorsal side. The consequence of the lack of repression in hrg mutants is not the induction of ectopic overgrowth but rather notching of the wing. In accordance with this phenotype we find that ectopic lacZ expression of the DWR is only detected from mid-third larval instar. At this stage, ectopic Serrate in the developing wing margin suppresses transcription of margin-specific genes, e.g. ct or wg, and leads to loss of margin structures, due to a dominant negative influence on Notch function (Thomas et al., 1995) . In fact, hrg mutants not only show the same notched wing phenotype characteristic of Ser D heterozygous flies, but also enhance the phenotype of Ser D flies, while having no influence on Dl (Murata et al., 1996) . This argues for a very specific interrelationship between Ser and hrg, which acts at the transcriptional level. The ectopic expression of Ser in hrg mutants in the ventral compartment at this stage must be caused by a different mechanism, since Ser is normally not expressed there. One explanation could be that the DWR contains hrg-sensitive regulatory elements, which normally prevent expression in the ventral compartment but are activated in the absence of hrg in an ap-independent way. Nothing can be said about the mechanism by which hrg represses the activity of the DWR, since the molecular nature of its gene product is not yet known.
The data presented here have uncovered a complex genetic network acting to control the early expression of Ser. The DWR responds cell autonomously to the control by ap, cell non-autonomously to the Delta-mediated signalling cascade, and in an unknown way to a novel component, hrg, at the transcriptional level. The correct spatial and temporal expression of Ser is an important aspect to assure growth and patterning of the imaginal disc, which, in turn, is a prerequisite for wing morphogenesis during later stages.
Materials and methods
Drosophila stocks
Flies were grown on standard medium and crosses were performed at room temperature or at 25°C, if not indicated otherwise. Descriptions of balancer chromosomes and mar-kers can be found in Lindsley and Zimm (1992) . Oregon R was used as wild-type stock and w 1118 (Lindsley and Zimm, 1992) as recipient strain for germline transformation.
The following ap, Su(H), Ser, vg, wg, nub and hrg alleles have been used: ap UG035 (Cohen et al., 1992) ; Su(H) AR9 and Su(H) SF8 (Ashburner, 1982) ; Ser RX82 and Df(3R) D605 (Thomas et al., 1991) ; vg 1 (Lindsley and Zimm, 1992) and vg 83b27R (Williams et al., 1993) ; spd fg Sp (Neumann and Cohen, 1997a) and wg CX4 (Baker, 1987) ; nub 1 (Lindsley and Zimm, 1992) ; hrg P1 (Murata et al., 1996) . For the expression of genes that are known to be involved in wing development we made use of transgenic lines carrying a lacZ reporter gene, which express b-galactosidase under the control of the promoter or wing-specific enhancers of the corresponding gene. The following transgenic lines have been used: ctwHZ-2 (ct-lacZ, Jack et al., 1991) , CyO, wg en (wg-lacZ, Siegfried et al., 1992) , vg en -lacZ (vglacZ, Williams et al., 1994) , ap rK568 (ap-lacZ, Cohen et al., 1992) , enhancer-trap line 35UZ-1 (fng-lacZ, Irvine and Wieschaus, 1994) and enhancer-trap line A101 (neu-lacZ, Huang et al., 1991) .
For ectopic expression of different genes the GAL4/UAS system (Brand and Perrimon, 1993) was used. Flies carrying a transgene for the yeast transcription factor GAL4 ('activator') were crossed to transgenic flies bearing the UASconstruct ('effector'). GAL4 559.1 expresses GAL4 under the control of patched in a narrow stripe along the A/P compartment boundary in the entire disc (ptc-GAL4, Hinz et al., 1994) . GAL4
459.2 drives GAL4 in a broad stripe crossing the prospective wing margin (Thomas et al., 1995) . If not indicated otherwise all UAS-constructs carry the appropriate minigene under the control of upstream activating sequences. For UAS-ap see below; UAS-CD2 (Dunin-Borkowski and Brown, 1995); UAS-Dl30A1, UAS-Dl30B and UAS-Dl17C (Doherty et al., 1996) ; UAS-Dl AIII (Seugnet et al., 1997) ; UAS-fng27 (Kim et al., 1995) ; UAS-Ser 5603.1 (Speicher et al., 1994) ; UAS-vg49 (Kim et al., 1996) ; UAS-dpp (Ruberte et al., 1995) ; UAS-Dsh 431B and UASwg were kindly provided by A. Wodarz.
Plasmid construction
For the construction of the UAS-ap transformation vector, the ap-cDNA (kindly provided by S. Cohen) was removed from pBluescript (Stratagene) by a digestion with EcoRI and cloned into the corresponding site of the pUAST vector (Brand and Perrimon, 1993) .
Germline transformation
P-element mediated germline transformation was carried out essentially as described in Spradling (1986) with 0.4 mg/ml of DNA. Transposase was supplied by co-injection of the D2-3 helper plasmid (Laski et al., 1986 ) at a concentration of 0.1 mg/ml. Transformants were selected by the rescue of the w-phenotype of the recipient flies. Multiple independent transgenic stocks were established. Chromosomal linkage was determined by segregation with respect to the balancer chromosomes FM7, CyO, and TM3 or TM6.
Histochemistry
Staining for lacZ activity in the imaginal discs and cuticle preparations of adult structures were performed essentially as described by Jönsson and Knust (1996) .
For non-fluorescent antibody staining imaginal discs were dissected in phosphate-buffered saline (PBS), fixed for 20 min in 3.7% formaldehyde/PBS, washed three times for 20 min in PBS/0.1% Triton X-100 (PBT) and once for at least 1 h in PBT/5% goat serum, and incubated overnight with the primary antibody (rabbit anti-b-galactosidase antibody (Cappel) at a dilution of 1:5000, affinity purified rabbit anti-Serrate serum directed against the extracellular domain (R4566) at a dilution of 1:10 ( Thomas et al., 1991) , mouse anti-CD2 antibody (Serotec) at a dilution of 1:1000, or mouse anti-Engrailed/Invected antibody (4D9) at a dilution of 1:3 (Patel et al., 1989) .
After three washes with PBT (20 min each) and blocking with PBT/5% goat serum for 1 h, discs were incubated for 2 h at room temperature with HRP-labelled secondary antibodies (Jackson ImmunoResearch), washed three times for 20 min with PBT and stained in PBT containing 0.2 mg/ml DAB and 0.03% H 2 O 2 , washed with PBT, stored overnight in 50% glycerol and mounted in 100% glycerol. For analysis and photography of stained larval tissues a Zeiss Axiophot with Normaski optics was used.
Immunofluorescence antibody staining was done as described in Bachmann and Knust (1998) , and viewed with a Leica confocal microscope. Pictures were processed and mounted using Adobe Photoshop 4.0.
